Here we describe the design and synthesis of a bifunctional two-photon fluorescence probe, N, N'-dimethyl-4,4'-(biphenyl-2,1-ethenediyl) 
Introduction
Monitoring mitochondrial membrane potential is useful for understanding cell activity.
When cell activity decreases, the mitochondrial membrane potential also decreases (Savitskiy et al., 2003; Ly et al., 2003) . Therefore, fluorescent probes which are responsive to mitochondrial membrane potential enable active cells to be discriminated from less active cells (Russel et al., 1999) . Development of an efficient two-photon absorption probe sensitive to mitochondrial membrane potential might allow three-dimensional imaging of the activity of individual cells in body organs by two-photon fluorescence microscopy (Denk et al., 1990) .
We previously reported an efficient two-photon fluorescence mitochondrial selective probe, 1,1'-diethyl-4,4'-(9,9'-diethyl-2,7-fluorenediyl-2,1-ethanediyl)dipyridinium perchlorate (FLW; Fig. 1(a) ). The maximum value of the two-photon absorption cross-section (σ (2) , which indicates the efficiency of two-photon absorption, of FLW was 730 GM (1 GM = 1 × 10 -50 cm 4 s molecules -1 photon -1 ) at 750 nm (Tani et al., 2012) . This value is 9 and 90 times larger than that of the typical mitochondrial selective probes, rhodamine 123 Wolleschensky et al., 1998) and green fluorescent protein (GFP) (So et al., 2000) , respectively. FLW comprises a highly fluorescent fluorene core and cationic pyridinium groups connected by vinylene groups. Due to the cationic pyridinium group, FLW exhibits high water solubility and accumulates on the mitochondria through electrostatic interactions with the negatively charged mitochondrial inner membrane (Tani et al., 2012) .
A mitochondrial membrane potential sensitive probe, 4-(2-(6-(dibutylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)pyridinium (di-4-ANEPPS) (Novakova et al., 2008) , is structurally similar to FLW. Specifically, the aromatic ring and pyridinium group of di-4-ANEPPS are connected by a vinylene group.
Although the presence of a vinylene group is reported to be essential for monitoring membrane potential by di-4-ANEPPS, FLW is unresponsive to mitochondrial membrane potential. It has been pointed out that cationic compounds with a large polarizability tend to bind strongly to the mitochondrial membrane (Rosania et al., 2003) . Since FLW has a large and planar π-conjugated system with a strong electron-acceptor moiety, its polarizability should be very large. Therefore, FLW is 7 thought to bind strongly with the mitochondrial membrane and thus is not responsive to mitochondrial membrane potential.
In this study, we aimed to create a novel two-photon fluorescence probe that exhibits mitochondrial membrane potential sensitivity. We have designed and synthesized a molecule that is structurally similar to FLW but exhibits smaller polarizability:
hexafluorophosphate (BP6; Fig. 1(b) ). In order to decrease polarizability, the central part of the structure was changed from a planar fluorene to a twisted biphenyl. This change in molecular structure was predicted to introduce a twisted π-electron system into BP6. The twisted -electron system of BP6 should prevent delocalization of the π-electrons over the entire molecule, resulting in low polarizability. At high mitochondrial membrane potential, BP6 localized on the mitochondria. When the mitochondrial membrane potential became low, BP6 moved from the mitochondria to the nucleus. It is known that a smaller polarizability induces a smaller σ (2) (He et al., 2008) . Therefore, the σ (2) of BP6 was smaller than that of FLW, but was larger than that of conventional mitochondrial selective probes. Thus, BP6 balanced the competing 8 goals of exhibiting efficient two-photon absorption properties and mitochondrial membrane potential sensitivity. 4, 5 mmol) was dissolved in dry tetrahydrofuran (THF) and stirred at -78C. n-Butyllithium (1.6 mol L -1 (M) in hexane, 20 mL) was added dropwise for 1 hour to the solution, and then the solution was stirred for a further 20 minutes. A mixture of dry N,N-dimethylformamide (5 mL) and dry THF (6 mL) was added to the reaction mixture and the mixture was stirred at ambient temperature for 3 hours. The reaction was quenched by pouring HCl aqueous solution (1 N, 45 mL) into the reaction mixture at -5C. The reaction mixture was extracted with water and toluene, and then the organic phase was evaporated. N, 
Material and Methods

Synthesis
4,4'-Diformylbiphenyl (0.2124 g, 1 mmol）and 1,4-dimethylpyridinium iodide (0.42 g, 2 mmol) were dissolved in a mixture of chloroform (15 mL) and methanol (35 mL).
Piperidine was dropped into the reaction mixture and the mixture was stirred for 6 hours at 60C. The solvent was evaporated and the resultant solid was recrystallized from methanol to obtain N, N'-dimethyl-4,4'-(biphenyl-2,1-ethenedilyl) N, . N, dipyridininium iodide (0.65 g, 1 mmol) and sodium hexafluorophosphate (0.84 g, 5 mmol) were dissolved in methanol (20 mL) and stirred overnight. The precipitate was filtered. The residue was recrystallized from methanol to obtain N, N'-dimethyl-4,4'-(biphenyl-2,1-ethenedilyl) 
The water solubility of BP6 was on the order of 0.1 mM.
Spectroscopy
One-photon absorption spectra were recorded on a V-670-UV-VIS-NIR spectrophotometer (Jasco Co., Tokyo, Japan). Fluorescence spectra and fluorescence quantum yields were obtained using an absolute photoluminescence quantum yield measurement system (C9920-02G, Hamamatsu Photonics K. K., Hamamatsu, Japan).
The fluorescent dyes, Mito Tracker Deep Red 633 (Mito Tracker, Invitrogen, Carlsbad, CA) and JC-1 (Invitrogen) tend to aggregate in water. This prevents reliable evaluation of fluorescence quantum yields. We confirmed that these dyes do not aggregate in DMSO at a low concentration. Therefore, quantum yield measurements were conducted using DMSO as the solvent. Two-photon absorption (TPA) spectra were measured using the open-aperture Z-scan technique (Sheik-Bahae et al., 1990) . A femtosecond pulsed beam from an optical parametric amplifier (OPA-800C, Spectra-Physics, Santa Clara, CA) pumped by a beam from a regenerative amplifier (Spitfire, Spectra-Physics) was 11 used as the light source. The typical pulse duration was 150-200 fs and the repetition rate was 1 kHz. The incident beam was focused by a plano-convex lens (f = 150 mm).
The sample solution was scanned along the incident beam axis. The average peak power was varied from 0.01 to 0.4 mW, corresponding to on-axis peak powers of 6 to 240 GW/cm 2 . The measurements revealed that the two-photon absorbance (q 0 ) is proportional to the incident power (I 0 ). This is a reliable indication that the transmittance changes observed from the Z-scan measurements were purely due to TPA and not to any other nonlinear optical process. Reliable Z-scan measurements require that the sample be thinner than the Rayleigh length and contain many dye molecules in the optical path. Thus, the use of a concentrated solution of BP6 will provide accurate results. The solubility of BP6 in DMSO was considerably higher than that in water.
Therefore, Z-scan measurements were performed using a DMSO solution of BP6.
Live cells and labeling
Strain RB-1 (mating type E, syngen 4) of Paramecium caudatum (P. 
Microscopy
Single photon fluorescence microscopy (SPFM).
Single photon fluorescence microscopy (SPFM) was carried out with an LSM510 (Zeiss, Jena, Germany) equipped with a temperature control system. Cells in a 35 mm glass-base dish were stained with BP6, JC-1 and Mito Tracker. BP6 and JC-1 were then excited using a 405 nm diode 14 Two-photon fluorescence microscopy (TPFM). Two-photon fluorescence microscopy (TPFM) was carried out using a Ti:sapphire femtosecond laser (Mira, Coherent, Santa Clara, CA) as the light source. A galvano scanner (C10516, Hamamatsu Photonics K.
K.) was used as the laser scanning unit. Cells were placed in a 35 mm glass-base dish.
The sample was placed on a motor-controlled z-stage, excited by a 750 nm femtosecond laser through a water immersion objective (UApo 340 40X, OLYMPUS, Tokyo, Japan), and scanned along the optical axis. A photomultiplier tube (R212, Hamamatsu Photonics K. K.) was used for signal detection.
Computational methods
The molecular structures of BP6, FLW, and di-4-ANEPPS were optimized using density functional theory (DFT) in Gaussian 03 (Gaussian Inc., Wallingford, CT), employing Becke's three-parameter exchange (Becke 1993) , the Lee, Yang, and Parr correlation (B3LYP) hybrid functional (Lee et al., 1988) , and the 6-31+G** basis set (Rassolv et al., 1998) . The polarizabilities were calculated at the same level of theory as 15 for the geometry optimizations. All calculations were carried out in vacuo.
Results and Discussion
The absorption and fluorescence spectra of an aqueous solution of BP6 are shown in Fig. 2 . The spectroscopic data and polarizability estimated by DFT calculation of BP6 are summarized in Table I, (Fig. 3(c) ) revealed that the structure stained with BP6 was very similar to that stained with Mito Tracker; thus, BP6 was judged to accumulate on the mitochondria in HeLa cells.
The division of HeLa cells stained with BP6 was monitored for over 24 hours.
No anomalous cell division was observed, indicating that the toxicity of BP6 is sufficiently low to allow its use as a fluorescence probe for live cell imaging.
An SPFM image of P. caudatum stained with BP6 is shown in Fig. 3 Fluorescence from BP6 was observed from the mitochondria again after the removal of CCCP from the medium (Fig. 3 (e) ). This ability to switch which organelle BP6 accumulated on was observed in all three cell types investigated in this study. The switching behavior can be seen from comparison of Figs. 3 (f) and (g) for P. caudatum.
In Fig. 3 (g) , the highest intensity of fluorescence is observed in the nucleus in the center of the cell, while significant fluorescence is also observed from the phagosomes. The probable mechanism underlying this switching is as follows. Prior to the addition of CCCP, the mitochondria in a cell have a larger negative charge than the nuclei due to the electrochemical proton gradient across the mitochondrial membrane, so BP6 accumulated more effectively on the mitochondria by electrostatic interaction.
The addition of CCCP depolarizes the mitochondrial membrane potential and decreases the negative charge on the mitochondria to the point where the negative charge on the nuclei may be larger than that on the mitochondria, resulting in BP6 accumulating preferentially on the nuclei. caudatum stained with JC-1 with 5 and 7 μM CCCP in the medium are shown in Fig. 6 .
The fluorescence color of JC-1 is known to change from red to green when the 22 mitochondrial membrane potential becomes low (Smiley et al., 1991) . Red fluorescence was observed at a CCCP concentration of 5 μM (Fig. 5(a) ), whereas green fluorescence was observed at 7 μM CCCP (Fig. 5(b) ). The CCCP concentration required to change the fluorescence color of JC-1 corresponded with the concentration required to switch BP6 fluorescence to the nucleus instead of the mitochondria, indicating that BP6 exhibits similar sensitivity to mitochondrial membrane potential as the commercially available probe, JC-1.
The two-photon absorption spectrum of a DMSO solution of BP6 is shown in 3 (h) and (i), the organelle in which BP6 accumulated was detected by TPFM. We measured the imaging depth from the surface using a celery fraction as a sample. Both BP6 and rhodamine 123 penetrated 600 m from the surface of the fraction. Thus, BP6
holds promise as a useful probe for detecting mitochondrial membrane potential by TPFM.
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Conclusion
In this study, a biphenyl type two-photon fluorescence probe, BP6, was designed and synthesized. BP6 accumulated on the mitochondria at a high mitochondrial membrane potential, but migrated from the mitochondria to the nucleus when the mitochondrial potential decreased. This ability to move between organelles was reversible. The σ (2) and water solubility of BP6 was higher than those of conventional mitochondrial selective probes. Therefore, BP6 is a promising probe for monitoring mitochondrial membrane potential by TPFM.
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peak is the maximum two-photon absorption cross-section.
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